Operating c h a r a c t e r i s t i c s f o r a ll&-mm bore cy l i n d r c a l r o l l e r b e a r i n g were c a l c u l a t e d u s i n g t h e computer program CYBEAN. The p r e d i c t e d r e s u l t s of * innerand o u t e r r a c e t e m p e r a t u r e s and h e a t t r a n s f e r r e d t o t h e l u b r i c a n t gen-9 0
INTRODUCTION For t h e l a s t s e v e r a l y e a r s , t r e n d s i n g a s t u r b i n e d e s i g n have i n d i c a t e d
t h a t f u t u r e a i r c r a f t e n g i n e s may r e q u i r e b e a r i n g s t h a t c a n o p e r a t e r e l i a b l y a t ON v a l u e s of 3 m i l l i o n o r h i g h e r 11-31 ( t h e speed parameter DN is t h e b e a r i n g bore i n mil?.imeters m u l t i p l i e d by t h e s h a f t speed i n rpm). Conseq u e n t l y , t h e r e h a s been a l a r g e amount of work done i n t h e a r e a of highspeed b e a r i n g s i n r e c e n t years. 
The q u e s t i o n of how t o d e s i g n b e a r i n g s f o r high-speed a p p l i c a t i o n s i s
i n c r e a s i n g l y being answered by computer s t u d i e s 13,71. There a r e c u r r e n t l y s e v e r a l comprehensive computer programs i n u s e t h a t a r e c a p a b l e o f p r e d i c ti n g r o l l i n g bea7-ing o p e r a t i n g and performance c h z r a c t e r i s t i c s (e.g., . These programs g e n e r a l l y a c c e p t i n p u t d a t a of b e a r i n g i n t e r n a l geometry ( s u c h a s s i z e s , c l e a r a n c e , and concact a n g l e s ) , b e a r i n g m a t e r i a l and l u b r i c a n t propert ies, and bearing operating c o n d i t i o n s ( load, speed, and ambient t q r a t u r e ) . The programs t h e n s o l v e s e v e r a l sets of equations that c h a r a c t t r i t e rolling-element bearings. The o u t p u t produced t y p i c a l l y c o n s i s t s of rolling-element loads and k r t r 'stresses, o p e r a t i n g c o n t a c t angles, component speeds, h e a t generation, l o c a l temperatures, bearing f a t i g u e l i f e , and power lose. I n (141, d a t a vere published which compared computer p r e d i c t i o n s w i t h a c t u a l b a l l bearing performance. However, l i t t l e d a t a h a s been published which compare computer p r e d i c t i o n s with a c t u a l cyl i n d r i c a l r o l l e r bearing performance.
As reported i n 18-10), a coeputer program c a l l e d CYBEAN has r e c e n t l y been developed f o r a n a l y s i s of high-speed c y l i n d r i c a l r o l l e r bearings.
It is t h e r e f o r e t h e o b j e c t i v e of t h e work reported h e r e i n t o compare t h e values
of inner-and outer-race temperatures, cage speed, and heat t r a n s f e r r e d t o t h e l u b r i c a n t c a l c u l a t e d using t h e computer program CYBEAN, with t h e corresponding experimental d a t a f o r t h e 118-millimeter bore bearing described i n [ 6 ] .
BEARING TEST DATA
The experimental d a t a used f o r comparison purposes i n t h i s r e p o r t were i n i t i a l l y reported i n [ 6 j . I n t h i s reference, a l a r g e bore r o l l e r bearing
was t e s t e d a t speeds up t o 3 m i l l i o n DN, loads up t o 8900 N (2000 l b ) and with t o t a l o i l flow r a t e s up t o 0.0102 cubic meters p e r minute (2.7 g a l l a i n ) . Lubrication was provided t o t h e test bearing through a x i a l grooves under t h e i n n e r r a c e with small r a d i a l h o l e s through t o t h e r o l l i n g elements. The i n n e r ring was a l s o cooled by o i l flowing through a x i a l grooves t h a t d i d not have any r a d i a l holes. About one-half of t h e t o t a l o i l
introduced t o t h e i n n e r r i n g was used f o r cooling o n l y .
The l u b r i c a n t used was a tetraester, t y p e 11 o i l q u a l i f i e d t o t h e The test b e a r i n g was a r o l l e r b e a r i n g w i t h a 118-millimeter b o r e , a f l a n g e d i n n e r r i n g , and 28 rollers, e a c h 12.65 m i l l i m ters (0,4979 in.)
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d i a n e t e r by 14.56 millipeters (0.573 in. long. More c o m p l e t e s p e c i f i c at i o n s a r e shown i n T a b l e 2.
O i l i n l e t t e m p e r a t u r e was h e l d c o n s t a n t a t 366 K ( 2 0 0~ F). A c c u r a t e measurement o f b e a r i n g o i l i n l e t and o u t let t e m p e r a t u r e s allowed determinat i o n o f t h e amount o f h e a t t r a n s f e r r e d t o t h e l u b r i c a n t a t any o p e r a t i n g The c a l c u l a t i o n s i n c l u d e d e t e r m i n a t i o n o f i n n e r and o u t e r r i n g t e m p e r a t u r e s , o i l o u t l e t t e m p e r a t u r e s , c a g e s p e e d , and b e a r i n g pover l o s s .
Use o f CYBEAN t o p r e d i c t b e a r i n g performance r e q u i r e s a s i n p u t 311 e s t imate of t h e volume p e r c e n t o f t h e b e a r i n g c a v i t y titat i s occupied by t h e l u b r i c a n t . The b e a r i n g c a v i t y i s d e t i n e d as t h e s p a c e between t h e I n n e rand o u t e r -r a c e s t h a t is n o t o c c u p i e d by t h e c a g e o r t h e r o l l i n g elements.
The a u t h o r s o f [ 9 ] recommended t h a t t h e v a l u e s used b e l e s s t h a n 5 p e r c e n t .
When CYBIAN is a l s o used f o r a thermal a n a l y s i s , a d d i t i o n a l i n p u t is r e q u i r e d , s i n c e a11 t h e thermal nodes r u s t be d e f i n e d . The maximum number of nodes permitted is 100. F o r t h i s i n v e s t i g a t i o n , 4 1 nodes were used, i n c l u d i n g 19 i n t h e l u b r i c a n t system, as shown i n Fig. l(a) . L a t e r f o u r metal node* were added ( c a u s i n g t h e two known-temperature nodes t o be renumbered) as shown i n Fig. l(b) .
lESULTS AND DISCUSSION
To e f f e c t t h e d i r e c t comparison of p r e d i c t e d and e x p e r i m e n t a l b e a r i n g performance, t h e computer program was g e n e r a l l y run a t t h e s t a t e d o p e r a t i n g c o n d i t i o n s o f t h e b e a r i n g t e s t e d (61. A l l combinations o f load, speed and f l o w rate were not computed, because t h e y a r e n o t a l l n e c e s s a r y f o r comparison purposes and would r e q u i r e unnecessary computer time. Therefore, t h e e f f e c t of load was c a l c u l a t e d u s i n g one speed ( 2 0 000 rpm), t h e e f f e c t of speed w a s determined u s i n g o n e l o a d (8900 N (2000 l b ) ) and t h e e f f e c t of f l o w r a t e was observed u s i n g one load and two speeds (8900 N (2000 l b ) ) and ( 2 0 000 and 25 500 rpm).
E f f e c t of Lubricant Volume
To determine how t h e r a c e temperatures and b e a r i n g h e a t g e n e r a t i o n vary w i t h t h e v a l u e assumed f o r p e r c e n t l u b r i c a n t i n t h e bearing c a v i t y , t h e program was run f o r s e v e r a l v a l u e s of t h i s volume p e r c e n t a t t h e 4450 N Note t h a t i n a l l t h e f i g u r e s i n t h i s r e p o r t , t h e c a l c u l a t e d v a l u e s a r e a lways j u s t connected w i t h s t r a i g h t l i n e segments. A l s o shown a r e t h e c o r r esponding experimental d a t a p o i n t s .
The r a c e temperatures ( Fig. 2 ( a ) ) i n c r e a s e d w i t h i n c r e a s i n g l u b r i c a n t volume. T h i s would be expected s i n c e t h e f l u i d d r a y o n t h e r o l l e r s and t h e c a g e would i n c r e a s e w i t h t h e amount of l i q u i d a v a i l a b l e . Over t h e f u l l range o f 5 p e r c e n t o i l volume, t h e temperature changes seem t o be l i n e a r and n o t t o o l a r g e , about 5 percent a t t h e s e c o n d i t i o n s .
The t o t a l h e a t g e n e r a t e d i n t h e b e a r i n g (Fig. 2 ( b ) ) increased w i t h inc r e a s i n g l u b r i c a n t volume. These changes were a l s o l i n e a r b u t t h e t o t a l change i n h e a t g e n e r a t i o n o v e r t h e volume range w a s a more s i g n i f i c a n t 50 percent. S i n c e Ref. 6 i n c l u d e s d a t a on h e a t t r a n s f e r r e d t o t h e l u b r i c a n t ( a s a n i n d i c a t i o n o f t h e power l o s s w i t h i n a b e a r i n g ) , t h i s t y p e of d a t a was c a l c u l a t e d from t h e computer p r e d i c t e d o i l -o u t l e t temperature and is also shown in Fig. 2(b) . The amount o f h e a t t r a n s f e r r e d t o t h e o i l c l o s e l y f o llows t h e amount of h e a t generated i n t h e bearing. Over t h i s range of volume p e r c e n t , t h e amount of h e a t t r a n s f e r r e d t o t h e l u b r i c a n t i s about 90 p e r c e n t cf t h e h e a t g e n e r a t e d i n t h e bearing. Based on t h e experimental d a t a f o r t h i s t e s t c o n d i t i o n , t h e range of volume p e r c e n t from 1 t o 5 p e r c e n t i s adeq u a i e f o r t h e o u t e r r a c e temperature and t h e h e a t t r a n s f e r r e d t o t h e o i l .
The c a l c u l a t e d inner-race temperature remained below t h e experimental v a l u e f o r t h e whole volume range.
E f f e c t of Bearing Load and Speed
The computer program was run t o determine t h e e f f e c t of b e a r i n g load on r a c e temperature and h e a t generation. C a l c u l a t i o n s were made with a l u b r ic a n t flow r a t e of 0.0057 c u b i c meter p e r minute ( 1 . 5 gal/min) f o r two l u b r ic a n t volumes ( 2 and 3%), and a s h a f t speed o f 20 000 rpm. The r e s u l t s , 3(a)) increase very s l i g h t l y o v e r t h e load range and t h e experimental values a n p r a c t i c a l l y constant. While t h e outel-race temperatures compare f a v o r ably, t h e predicted inner-race temperatures remain about 10 percent lower than t h e t e s t valuea. The amount of h e a t t r a n s f e r r e d t o t h e o i l , p r e d i c t e d using t h e l u b r i c a n t volume of 2 percent, compares very w e l l with t h e t e s t d a t a (Fig. 3(b) 1.
The e f f 5 c t of s h a f t speed was observed by using t h e program with an 8900 N (2000 l b ) load f o r s e v e r a l v a l u e s of s h a f t speed. The flow r a t e was set a t 0.0057 cubic meters p e r minute (1.5 gal/min) and t h e l u b r i c a n t volume a t 2 percent. The r e s u l t s a r e shown i n Fig. 4(a) ) compared t o t h e experimental d a t a , a r e s l i g h t l y high a t t h e lower speeds and s l i g h t l y low a t t h e higher speeds. The p r e d i c t e d i n n e r r a c e temperature, f a i r l y c l o s e t o t h e experimental d a t a a t t h e lower speeds, becomes very low a t t h e h i g h e r speeds. The h e a t t r a n s f e r r e d t o t h e o i l , however, a s predicted by t h e program compared very w e l l with t h e experimental values over t h e wh)le speed range ( Fig. 4(b) ).
It is t h e r e f o r e apparent t h a t t h e c a l c u l a t i o n s f o r t h e t o t a l bearing heat generation seem t o be c o r r e c t , but t h a t i n s u f f i c i e n t h e a t t r a n s f e r i s p r e d i c t e d t o t h e i n n e r race a t t h e higher speeds. A t t h i s p o i n t i t i s not c l e a r whether t h e d i s -
crepancy with t h e i n n e r r a c e temperature i s a problem of using a proper thermal model, o r of using proper input data.
E f f e c t of Lubricant Flow Rate
Since t h e o i l flow r a t e can have a s i g n i f i c a n t e f f e c t on bearing tem- The c a l c u l a t e d t r e n d s a r e i n t h e r i g h t d i r e c t i o n , t h a t is, t h e r a c e temperatures a r e reduced by i n c r e a s i n g t h e o i l flow r a t e , f o r t h e v a l u e s of l u b r i c a n t volume shown. The c a l c u l a t e d o u t e r r a c e temperat u r e s f o r 20 000 rpm (Fig. % a ) ) a r e r e a s o n a b l e f o r volumes o f 2 o r 4 p e r c e n t , w h i l e t h e c a l c u l a t e d inner-race temperatures remain low o v e r t h e ent i r e flow r a t e range. The computed h e a t t r a n s f e r r e d t o t h e o i l ( Fig. 
5( b))
a t 20 000 rpm compares f a i r l y w e l l w i t h t h e test d a t a o v e r t h e flow range f o r t h e s e t w o set v a l u e s of l u b r i c a n t volume. The comparisons a t 25 500 rpm ( Fig. 6 ) a r e very s i m i l a r t o t h o s e of 20 000 rpm (Fig. 5 ) . From t h e s e f i gu r e s , i t is n o t c l e a r how t h e l u b r i c a n t volume should vary w i t h flow rate.
The o u t e r -r a c e temperature comparison would i n d i c a t e t h a t t h e volume p e r c e n t
should d e c r e a s e w i t h f l o w r a t e . A comparison of t h e h e a t t r a n s f e r r e d t o t h e l u b r i c a n t s u g g e s t s t h a t t h e l u b r i c a n t volume should i n c r e a s e w i t h flow r a t e . More work needs t o be done i n t h i s a r e a .
E f f e c t s of Miscellaneous Input Data
S e v e r a l c a l c u l a t i o n s were made i n a n e f f o r t The convergence c r i t e r i o n (used w i t h a n i t e r a t i v e procedure t o determine when a s o l u t i o n h a s been reached-explained i n det a i l i n j9)) was changed from 0.1 t o 0.05 and 0.01 and t h e c a l c u l a t e d temperatures remained t h e same. A b e a r i n g misalignment of 5 minutes was assumed, and t h e r a c e temperatures changed o n l y 1 Kelvin. An a d d i t i o n a l 300 w a t t s h e a t g e n e r a t i o n was a r b i t r a r i l y added t o nodes 1 and 3 ( s h a f t ends, see Fig . l ( d ) ( I n c a s e t h e support b e a r i n g heat g e n e r a t i o n was not properly accounted f o r ) . While t h i s managed t o r a i s e t h e i n n e r r a c e temperatures 3 Kelvin, t h e temperature of nodes 1 end 3 became unacceptably high, 610 K (638' F). The nodal s t r u c t u r e was changed s l i g h t l y by adding f o u r nodes, two on t h e s h a f t and two o n t h e i n n e r r i n g a d a p t e r ( a s shown i n Pig. l ( b ) ) . The r e s u l t i n g c a l c u l a t e d temperatures d i d n o t change. The v a l u e of t h e h e a t t r a n s f e r c o e f f i c i e n t r e l a t i n g t h e r o t a t i n g s h a f t and i n n e r r i n g a d a p t e r t o t h e a i r i n t h e r i g c a v i t y (e.g., from node 41 t o node 21, Fig. l ( b ) ) was changed from 981 t o 170 w a t t s p e r s q u a r e meter-degree C. The i n n e r r s c e temperature change 1 Kelvin. I t was concluded t h a t , s i n c e none of t h e above items had any s i g n i f i c a n t e f f e c t on t h e b e a r i n g r a c e temperatures, t h e i n n e r r a c e temperatures were mostly a f f e c t e d by t h e bearing' s i n t e r n a l l y generated heat.
t o d e t e c t any e r r o r s i n d a t a i n p u t o r thermal modelling. The program was run a t t h e

E f f e c t o f Diametral Clearance
One item t h a t could have a l a r g e e f f e c t on t h e b e a r i n g h e a t g e n e r a t i o n i s t h e d i a m e t r a l c l e a r a n c e , t h a t i s , t h e t o t a l f r e e movement of t h e bearing components i n a r a d i a l d i r e c t i o n . I n i t i a l c a l c u l a t i o n s using t h e o r i g i n a 1 thermal nodes ( Fig. l ( a ) ) showed o n l y a small change i n i n n e r r a c e temperat u r e from a c l e a r a n c e of 0.12 m i l l i m e t e r (maximum unmounted v a l u e ) down t o 0.001 millimeter. However, [ 6 ] s u g g e s t s t h a t a n e g a t i v e c l e a r a n c e e x i s t s a t 25 500 rpm, s o a d d i t i o n a l c a l c u l a t i o n s were made, u s i n g t h e nodal s t r u c t u r e of Fig. l ( b ) , f o r s e v e r a l v a l u e s of n e g a t i v e clearance. The r e s u l t s a r e shown i n Fig. 7 . The i n c r e a s e i n inner-race temperature a s t h e c l e a r a n c e i s lowered below z e r o i s dramatic, and approaches t h e experimental value c l o s el y when t h e c l e a r a n c e is a minus O.U2 millimeter. A t t h i s p o i n t , and for t h e f i r s t time, a l l 2 8 r o l l e r s a r e loaded a t t h e i n n e r ring. A t minus 0.01 millimeter c l e a r a n c e , 1 3 of t h e r o l l e r s were loaded a t t h e iirner race.
There c a l c u l a t i o n s i n d i c a t e t h a t i t i s very l i k e l y t h e b e a r i n g 161 was i ndeed o p e r a t i q w i t h a n e g a t i v e c l e a r a n c e a t 25 500 rpm.
For comparison purposes, t h e d a t e af Fig. 6 were r e c a l c u l a t e d u s i n g a d i a m e t r a l c l e a r a n c e of minus 0.02 m i l l i m e t e r . These r e s u l t s a r e shown i n Fig. 8 . Both r a c e temperatures ( Fig. 8 ( a ) ) and h e a t t r a n s f e r r e d t o t h e l u b r i c a n t (Pig. 8 ( b ) ) , compare very w e l l w i t h t h e experimental data.
Although t h e computer program CYBEAN h a s t h e c a p a b i l i t y o f e v a l u a t i n g b e a r i n g s w i t h out-of-round o u t e r raceways, t h e program a t ' t h i s p o i n t d i d n o t p r e d i c t t h e e f f e c t i v e b e a r i n g o p e r a t i n g c l e a r a n c e ( i -e . , t h e d i a m e t r a l c l e a r a n c e t h a t would e x i s t a t o p e r a t i n g speed and temperature). S i n c e i t became very e v i d e n t t h a t t h i s was a n important parameter f o r high speed b e a r i n g s , s u b r o u t i n e s were added t o CYBEAN t o c a l c u l a t e changes i n d i a m e t r a l
c l e a r a n c e due t o i n i t i a l f i t s and d u e t o temperature and high-speed e ff e c t s . F u r t h e r c a l c u l a t i o n s were t h e n made u t i l i z i n g t h i s c a p a b i l i t y .
The program CYBEAN was r u n f o r s e v e r a l v a l u e s o f b e a r i n g unmounted d i a m e t r a l c l e a r a n c e tu determine t h e v a l u e s of d i a m e t r a l c l e a r a n c e of t h e mounted bearir.g a t o p e r a t i n g speeds and temperatures c a l c u l a t e d by t h e program. T h i s c l e a r a n c e , which does n o t y e t c o n t a i n t h e e f f e c t s of b e a r i n g . a l u b r i c a n t volume of 2 percent. The i n i t i a l s h a f t -i n n e r r i n g i n t e r f e r e n c e was s e t a t 0.0712 m i l l i m e t e r on t h e diameter. The r e s u l t s a r e shown i n remaining a s t h e e f f e c t i v e h o t mounted c l e a r a n c e a t o p e r a t i n g c o n d i t i o n s .
To o b t a i n a n e g a t i v e e f f e c t i v e c l e a r a n c e , c l o s e r t o t h e value of minus 0.02 m i l l i m e t e r noted previously, a n i n p u t of only 0.09 m i l l i m e t e r i n i t i a l unmounted c l e a r a n c e had t o be used. Again 500 rpm s h a f t speed t h a t had t h e c o rr F c t t r e n d w i t h l u b r i c a n t flow r a t e and were except i o n a l l y c l o s e t o t h e experimental values. The h e a t t r a n s f e r r e d t o t h e o i l ( Fig. 10( b ) ) a l s o compared w e l l w i t h t h e experimental d a t a , although t h e v a l a e a t t h e low flow r a t e i s almost two kW low. I n Fig. 11 , however, w h i l e t h e predicted t r e n d s were c o r r e c t f o r 20 000 rpm, t h e c a l c u l a t e d inner-race temperatures were almost 30 Kelvin low. The o u t e r -r a c e temperatures compared f a i r l y well.
To check program p r e d i c t i o n s a t o t h e r c o n d i t i o n s ,
The h e a t t r a n s f e r r e d t o t h e o i l ( F i g . l l ( b ; ) was a l s o reasonably c l o s e , a lthough a t t h e h i g h e s t flow r a t e s t h e c a l c u l a t e d v a l u e s were about 2 kW low.
Two f i n a l checks were ean'e with CYEEAN, using t h e o r i g i n a l cold unmounted diametral clearance of 0.12 millimeter. The f i r s t check was with a e v e r a l loads a t t h e low speed (10 000 rpm) condition. This low speed con-
A l l previous c a l c u l a t e d values of cage s l i p were l e s s than 1 percent a t 8900 N (2000 lb) and up t o 3 percent a t 2220 N (500 lb). The experimental v a l u e s a t t h e higher speeds (20 000 and 25 500 rpm) were a l l less than 2 percent. The flow r a t e was set a t 0.0102 cubic meter p e r minute (2.7 galjmin) and t h e l u b r i c a n t volume a t 2 percent. The r e s u l t s a r e shown i n Fig. 12 .
t i o n s a r e c l o s e t o t h e experimental values, and t h e outer-race temperature predict i o n s a r e about 20 Kelvins higher than t h e corresponding data. The c a l c u l a t e d h e a t t r a n sf e r r e d t o t h e o i l compares well (Fig. 12(b)), and were s l i g h t l y higher than t h e t e s t values. However, while t h e t e s t s indicated cage s l i p s of over 46
percent, f o r t h e e n t i r e load range from 2220 t o 8900 N (500 t o 2000 l b ) , the corresponding predicted values were a l l less than 3 percent. Without t h i s s l i p , t h e experimental temperatures would have been somewhat higher, judging from (61, where t h e bearing temperatures varied i n v e r s e l y with cage s l i p .
The c a l c u l a t e d e f f e c t i v e hot mounted diametral clearance was about 0.08 millimeter.
The second check was t o run t h e program a t t h e high speed condition
(25 500 rpm) with 8900 N (2000 l b ) load, s e t t h e misalinsment angle t o 5 minutes, and s e e i f t h e r e s u l t i n g skew would be s u f f i c i e n t t o change t h e predicted race temperatures s i g n i f i c a n t l y . This c a l c u l a t i o n showed t h e i n n e r r a c e temperature t o be only 8 Kelvin higher with skewing and t h e outer-race temperature was 3 Kelvin higher. The heat eransferred t o the l u b r i c a n t war t h e same. The c a l c u l a t e d ef f e c t i v e hot mounted clearance war about 0.03 millimeter. Since t h e 5 minute miralignraent angle i s l a r g e f o r t h i s t e a t r i g , it may be concluded t h a t the prerence of misalinemcnt alone would not have been s u f f i c i e n t t o cause t h e experimental i n n e r r a c e temperat u r e s t o be so much higher t h a n c a l c u l a t e d values. Since t h e e f f e c t of miralinement on bearing temperatures was small, and t h e amount of computer time increased by a f a c t o r of 10, no f u r t h e r c a l c u l a t i o n s were made with m i salinement .
R o l l e r Loads, FilmThickness and Skew Angle While the main focus of t h e work reported herein was t o c a l c u l a t e bearing c h a r a c t e r i s t i c s t h a t were measured experimentally, t h e program CYBEAN does provide calculated values of o t h e r items of i n t e r e s t . Some of these are: The EHD f i l m thickness a t t h e r o l l e r r a c e w a y c o n t a c t , t h e individual
r o l l e r -r a c e contact loads and s t r e s s e s , t h e roller-cage forces, and, with misalinement, t h e r o l l e r f l a n g e f o r c e s and t h e r o l l e r -Lev and t i l t angles.
Several of these items a r e shown i n Figs 
The f i l m thickness i s p l o t t e d a s a function of t h e c a l c u l a t e d e f f e c t i v e hot
mounted clearance. Also shown i s the corresponding r o l l e r contact load. In general, t h e f i l m thickness diminishes and t h e c o n t a c t loads increase rapidl y once the bearing clearance becomes negative and a l l the r o l l e r s a r e i n contact with the inner ring ( s e e Fig. 9 ). Other c a l c u l a t i o n s with a fixed diametral clearance a s input f o r those same bearing operating conditions ( s e e Fig. 7 
) i n d i c a t e t h a t t h e f ilr t h i c k n e s s changes very l i t t l e as t h e
c l e a r a n c e i n c r e a s e s from zero t o 0.12 mm. The corresponding o u t e r r i n g cont a c t load c o n t i n u e s t o i n c r e a s e s l i g h t l y and reaches 4000 N a t 0.12 ma clearance. Likewise, t h e i n n e r r i o g l o a d i n c r e a s e s t o 2600 N a t 0.12 mm clearance.
The i n n e r and o u t e r r i n g c o n t a c t l o a d s f o r each r a l l e r , c a l c u l a t e d f o r t h e s e same c o n d i t i o n s sre shown i n Pig, 1 4 f o r two v a l u e s cf h o t mounted clearance. For t h e 0.031 rr c l e a r a n c e b e a r i n g , t h e r e a r e 7 r o l l e r s i n cont a c t w i t h t h e i n n e r r i n g and t h e remaining r o l l e r s h a w o n l y t h e c e n t r i f u g a l loading a t t h e o u t e r r i n g , When a l l 28 r o l l e r s a r e i n c o n t a c t a t t h e c l e a r ance o f -0.028 mm, t h e maxi mu^ load is about t h e same.
However, a l l t h e o t h e r r o l l e r s are c a r r y i n g h e a v i e r l o a d s a t both t h e i n n e r and o u t e r r i n g s t h a n w i t h t h e p o s i t i v e clearance, When t h e c l e a r a n c e w a s a t a -0.039 mm,
t h e c o n t a c t l o a d s f o r each ~f t h e 18 r o L i e r s i n c r e a s e d by 1000 N a t both t h e i n n e r and o u t e r rings. The calcu1atic.n f o r r,lese same a p e r a t i n g c o n d i t i o n s with a 5 minute s i s a l i n e m e n t , where t h e h o t mounted c l e a r a n c e was 0.U29 mm, showed l i t t l e change from t h e c o n t a c t l o a d s of t h e 0,031 M c l e a r a n c e curve, The program estimates o f t h e r o l l e r c a g e f o r c e s a r e shown i n P i g , 1 5 f o r t h r e e combinations of h o t mounted c l e a r a n c e and misalinemerit angle. A
p o s i t i v e f o r c e means t h e cage i s pushing t h e r o l l e r . With no misalinement
the maximum cage f o r c e s were a5out 10 N. For t h e same c l e a r a n c e , with a 5 minute misalinement, t h e cage i o r c e s seemed t o be a l l very small. With a l a r g e c l e a r a n c e of 0.12 mm, however, and a 5 minute misalinement, t h e maximum cage f o r c e reached 25 N. These f o r c e s a r e of t h e same o r d e r of magnitude a s those measured c x p e r i m n t a l l y f o r t h e same s i z e bearing (15,161 (The s i g n convention i n [15, 16] 
i s o f t h e o p p o s i t e s e n s e t o t h a t used here).
The f l a n g e a x i a l f o r c e s c a l c u l a t e d f o r t h e same two cases w i t h t h e 5 minute misalinement are shown i n Fig. 16 . These f o r c e s are s m a l l , a b o u t t h e saw o r d e r of magnitude as t h e c a g e -r o l l e r f o r c e s . The i a r g e r c l e a r a n c e b e a r i n g shows less rol l e r f l a n g e c o n t a c t .
The p r e d i c t e d r o l l e r skew a n g l e f o r t h e s e same two c a s e s is shown i n Fig. 17 . I n b o t h c a s e s , t h e r e is a n e g a t i v e skew a n g l e a t t h e l o a d zone.
F o r t h e 0.029 mn c l e a r a n c e c a s e , t h e remainder o f t h e r o l l e r s e x h i b i t a posi t i v e skew a n g l e o f a b o u t t h e same s i z e . With t h e l a r g e 0.12 mm c l e a r a n c e , however, t h e remaining r o l l e r s show e s s e n t i a l l y zero skew. The skew a n g l e shown i s t h e a n g l e o f t h e r o l l e r r s l a t i w t o t h e i n n e r r i n g , and is c a l l e d t h e r e l a t i v e skew angle. The a n g l e of t h e r o l l e r r e l a t i v e t o t h e o u t e r r i n g , c a l l e d t h e a b s o l u t e skew a n g l e , would b e t h e r e l a t i v e a n g l e p l u s ( o r minus) t h e amcunt of t h e misalinement p r e s e n t a t t h a t p a r t i c u l a r r o l l e r posi t ion.
CONCLUDI NG REMARKS
I n g e n e r a l , t h e CYBEAN computer proyram a s u t i l i z e d p r e d i c t e d v a l u e s o f o u t e r r a c e t e m p e r a t u r e and h e a t t r a n s f e r r e d t o t h e o i l t h a t compared reasona b l y w e l l w i t h t h e c o r r e s p o n d i n g e x p e r i m e n t a l d a t a . However, t h e c a l c u l a t e d v a l u e s o f i n n e r r a c e t e m p e r a t u r e were u s u a l l y somewhat low, e s p e c i a l l y a t t h e h i g h e r s h a f t speeds. The program d i d n o t p r e d i c t t h e h i g h c a g e s l i p
e x p e r i e n c e d (61 a t t h e l o w e r s h a f t speeds. T h i s i s p r o b a b l y t h e r e a s o n t h e e x p e r i m e n t a l t e m p e r a t u r e s were lower t h a n t h e c a l c u l a t e d v a l u e s f o r t h o s e c o n d i t i o n s .
N e v e r t h e l e s s , i t s h o u l d be n o t e d t h a t on t h e b a s i s of a b s o l u t e
t e m p e r a t u r e s a 1 1 c a l c u l a t o d v a l u e s w e r e w i t h i n 10-percent o f t h e corresponciing e x p e r i m e n t a l d a t a and most were w i t h i n 5 p e r c e n t . Considering the. nat u r e of h e a t t r a n s f e r c a l c u l a t i o n s , t h i s is reasonab ry c l o s e c o r r e l a t i o n .
The c a l c u l a t i o n s performed show t h e i m p o~t a n c e of t h e cf f e c t i v e hot mounted d i a m e t r a l c l e a r a n c e f o r u s e f u l b e a r i n g operation. Care . hould be t a k e n t h a t t h e b e a r i n g e f f e c t i v e d i a a r e t r a l c l e a r a n c e remains p o s i t i v e a t a l l o p e r a t i n g c o n d i t i o n s t o a s s u r e o b t a i n i n g a reasonable rolling-element fat i g u e l i f e f o r t h e bearin&.
A s f o r t h e b a l ; b e a r i n g computer program SHABEKTH 112 1, t h e l a r g e s t unknown q u a n t i t y o f t h e i n p u t d a t a r e q u i r e d f o r CYBEAN is t h e volume p e r c e n t of l u b r i c a n t i n t h e b e a r i n g c a v i t y . The v a l u e s chosen f o r t h e s e c a l c u l at i o n s were i n t h e range recotmuended (91. Fropp t h e comparisons presented i n t h i s paper, i t c a n be conluded t h a t t h e v a l u e s o f p e r c e n t l u b r i c a n t used a r e reasonably c o r r e c t f o r t h i s program. However, j u s t how t h e s e v a l u e s should vary w i t h o i l flow rate a n d / o r s h a f t speed i s s t i l l n o t c l e a r .
SUHMRY OF KESOLTS
The computer program CYBEAN was used t o p r e d i c t i n n e r and o u t e r r a c e temperatures, cage speed, and h e a t t r a n s f e r r e d t o t h e l u b r i c a n t f o r a The o i l i n l e t temperature was maintciaed c o n s t a n t a t 366 K ( 2 0 0~ F). The f o l l o w i n g res u l t s were obtained:
1. The c y l i n d r i c a l r o l l e r b e a r i n g a n a l y s i s computer program (CYBEAN) can p r e d i c t o u t e r -r a c e temperature and t h e amount of heat t r a n s f e r r e d t o t h e l u b r i c a n t reasonably well.
A t t h e h i g h e r s h a f t s p e e d s , t h e c a l c u l a t e d i n n e r -r a c e t e m p e r a t u r e s
were much l o v e r t h a n t h e c o r r e s p o t~d i~~g e x p e r i m e n t a l d a t a , u n l e s s t h e e f f e ct i v e h o t d i a m e t r a l c l e a r a n c e s w e r e set n e g a t i v e a b o u t 0.02 millimeter.
3.
A b e a r i n g c a n o p e r a t e w i t h a n e f f e c t ------- 
